We report on the observation of linearly polarized single photon antibunching in the excitonic emission from a site-controlled InGaN quantum dot. The measured second order coherence function exhibits a significant dip at zero time difference, corresponding to g Semiconducting quantum dots (QDs) are getting increasingly more attention as light sources for future quantum information applications (QIA). 1 These applications require sources of single or quantum correlated photons. In addition, it is desired that the photon emitters are sitecontrolled and that they are operating close to room temperature. Some QIA, such as quantum key distribution with the BB84 protocol, can be realised with linearly polarized photons, where the polarization has to be switched on a photonby-photon level. 2 QDs are small inclusions in a semiconductor matrix with band offsets that provide trapping and quantum confinement of the charge carriers. A quantum dot therefore exhibits a discrete set of atom-like energy states, and the optically active transitions between these states give rise to a spectrum of sharp and well-defined emission lines. A single photon emitter can then be produced by filtering out all except one emission line from an individual quantum dot. This was first realised experimentally in year 2000 using conventional Stranski-Krastanov (SK) grown InAs/GaAs quantum dots. 3 To obtain an emission of strongly linearly polarized photons in this material system, complicated micro cavity structures with a polarized optical mode in resonance with a QD emission line are needed. 4, 5 Highly linearly polarized emission has been reported for various bare QDs based on Al,In,Ga-nitrides, including SK grown QDs, 6 QDs etched out from a planar single quantum well (QW), 7 and QDs formed in nanorods. 8 However, none of these studies reports any controlled or preferential polarization direction. Recently, the small split-off energy of the nitrides was identified as the main cause of the high degree of polarization for asymmetric quantum dots. 9 The nitrides are thus more suitable for the generation of polarized photons emission than other materials such as InAs and GaAs with large split-off energy.
Another attractive property of the nitrides is the wide tunability of the band gaps with the potential to emit photons in a vast energy range from infra-red to deep ultra-violet, 10 and the possibility to achieve the deep confinement potential needed for high temperature operation. Single SK grown GaN/AlN QDs have been demonstrated to emit single photons up to 200 K, 11 and recently, single photon emission up to room temperature was reported for a site-controlled GaN/ AlN QD formed on the tip of a nanorod. 12 A promising approach for fabrication of nitride-based QDs is to deposit a thin layer of InGaN on top of hexagonal GaN micro pyramids formed by selective area growth. 13 Pyramids grown with this approach have been shown to exhibit single and sharp InGaN related emission lines with high degree of linear polarization, indicating the formation of one asymmetric site-controlled InGaN quantum dot on each pyramid.
14 Moreover, a simple elongation of the pyramid base gives control of the polarization direction of the InGaN emission, as it is found to be well-aligned with the designed elongation. 15 The first experimental evidence of a trion in a nitride QD has also been reported for these structures. 16 However, although several indirect evidences of QD formation in these pyramidal structures have been observed, no direct proof has yet been provided.
In this Letter, we report on time-correlated single photon spectroscopy (TCSPS) of the InGaN-related emission from pyramidal structures. TCSPS tests the single photon emitting properties, and it can therefore provide the ultimate proof of a QD emission. We observe a clear photon-antibunching from a site controlled InGaN QD, with the measured second order coherence function at zero delay time g pyramids is performed in the lithographically patterned SiN masked GaN/AlN/SiC template.
14 (See the inset in Fig. 1 ) The pyramids are covered by a thin layer of InGaN forming nanoscopic 3D islands in a SK-like growth mode on the truncated (0001) top surface. The structure is then covered by a layer of GaN to finalize the formation of QD inclusions in the tip of the pyramids. 13 The pyramids have a base diameter of 3 lm, and they are ordered in square 21 Â 21 arrays with 5.5 lm pitch.
A 355 nm continuous wave (cw) diode pumped solid state laser was used for the microphotoluminescence (lPL) measurements. The excitation laser was led through a refractive microscope objective (NA ¼ 0.42) and focused down to a spot size of about 1 lm on the sample in a continuous flow helium cryostat, keeping the temperature at 25 K or lower. The photons emitted from the sample were collected by the same objective and guided to a monochromator with a focal length of 550 mm. The luminescence spectra were recorded by a charge coupled device (CCD), and the resolution of the setup was 0.28 meV for the relevant energy range.
TCSPS measurements were made with both cw and pulsed laser excitation. Compared to lPL measurements, only the signal side was altered for the cw measurements, with the light guided to a Hanbury-Brown and Twiss setup. 17 A 50/50 beam splitter directed the photons in each leg through a monochromator to an avalanche photo diode (APD). 18 Time differences between subsequent photons were recorded by a TCSPC module with an overall instrument time constant s i ¼ 0.7 ns, and histograms were generated with the bin-width set to s BW ¼ 512 ps. For the pulsed excitation, a frequency tripled Ti-sapphire laser generated ps excitation pulses at 266 nm wavelength, and a reflective objective (NA ¼ 0.5) was used to focus the light to a spot size of $2 lm and to collect the luminescence. In all TCSPC measurements, care was taken to use a low laser intensity, being well below the saturation of the exciton state, not to alter the temporal profile of the antibunching dip in the correlation histogram. 19 A photon counter was also used to record luminescence spectra with the APDs. These measurements give a precise information about the intensities of the broadband background emission (B) as well as the narrow linewidth QD signal (S) during the actual TCSPS experiments. A relative signal q ¼
The lPL spectrum of the measured QD acquired at low excitation power is dominated by the emission of the single exciton (see Fig. 1 ). A weaker spectral feature originating from the negative trion, is observed 2 meV below the predominant exciton in the low power spectrum, but this feature gains intensity and becomes comparable with the exciton intensity at higher power. 16 The lifetime of the exciton has been estimated to be s x ¼ 320 ps, determined in a similar way as in Ref. 16 . The exciton peak has a high degree of linear polarization տ96% (see the inset of Fig. 1 ), which is a value typical for most QDs measured in this sample.
TCSPS data of the exciton emission are shown in Fig. 2 . The data are the result of several merged measurements in order to reduce the statistical fluctuations, corresponding to a total acquisition time of more than 14 h. The large number of coincidence counts in the data provides significance to the measured anti bunching dip at a value of g The measured antibunching dip evidences a nonclassical nature of the light emitted from the sample which ultimately proves the existence of a QD on the GaN pyramidal structure. However, a QD is ideally a single photon emitter with g 2 (0) ¼ 0. Consequently, one would expect a much more pronounced dip, g There are three parameters that strongly affect the measured g 2 m ð0Þ value of a single photon emitter under continuous excitation: (i) The bin width s BW of the histogram, (ii) the timing resolution s i of the instrumental setup, and (iii) the relative intensity q of the single photon source with respect to the total intensity detected, including uncorrelated background light. An expression of the actual second order coherence function g 2 (s) corrected for superimposed uncorrelated background emission was provided in Ref. 20 under the assumption that the feeding of the QD is much slower than the exciton lifetime s x ,
where s is the time difference between the detected pairs of photons. An expression of the measured second order coherence function g 2 m ðsÞ is obtained by convoluting g 2 ðsÞ with the instrument temporal response function
Finally, the measured value at zero delay time, g 
Equation (3) gives the possibility to analyse the influence of s BW , s i , and q on the measured value g Since s x is much shorter than s i , a narrowing and closing of the dip in the histogram takes place around zero time difference. From the PL spectra, it is obvious that the QD emission is overlapping with a spectral background, which reduces the relative intensity of the QD from unity to q ¼ 0.65, yielding an expected value of the second order coherence function g 2 m ð0Þ ¼ 0:87. This value is indeed close to the measured value g 2 m ð0Þ ¼ 0:90. Thus, we can explain the absence of a pronounced dip as the combined effect of a short exciton life time in comparison with the experimental timing resolution and bin width, and the fact that the QD emission is spectrally overlapping with uncorrelated background emission. In fact, these results indicate that the QD itself seems to be a close to ideal single photon source since the measured high value for g 2 m ð0Þ is explained entirely by extrinsic effects. Figure 3 shows the computed value of g By using pulsed excitation with a pulse repetition time much longer than s i , s BW , and also s x , 21 the influence of these three parameters on g The analysis above indicates that the InGaN/GaN pyramidal QD system is promising as a rapid polarized single photon emitter, but the spectrally overlapping background emission must be significantly reduced for any application. Most of this background originates from a broadband emission around the bottom edges of the hexagonal pyramid. 15 Thus, one way to improve the single photon characteristics would be to add an extra post-growth processing step, where the bottom edges are either etched away or optically screened by a metal film.
In summary, we have observed a clear photon anti bunching with g 2 m ð0Þ ¼ 0:90 in the linearly polarized emission from a site controlled InGaN QD on top of a GaN truncated pyramid. This is the first direct evidence of InGaN QD formation on hexagonal GaN pyramids. A model was introduced to analyse the deterioration of the second order coherence function at zero delay times. Within this model, the relatively high value measured for g 2 m ð0Þ could be well understood as the effects of low experimental timing resolution in combination with a short exciton life time and the existence of an uncorrelated background emission. These results indicate that the intrinsic properties of the InGaN QD are promising for applications as a fast and polarized single photon emitter, but the background emission from the pyramidal structure has to be significantly reduced in order to achieve useful single photon characteristics. 
